So far, the metabolite proved inactive in assays for evaluation of phytotoxicity, whereas viridiol, another secondary metabolite known from H. pseudoalbidus, was regarded as phytotoxic principle of the pathogen against its host, Fraxinus excelsior. Further studies will show whether hymenosetin constitutes a defence metabolite that is produced by the pathogenic fungus to combat other microbes and fungi in the natural environment.
Introduction
In 2010, the fungus Hymenoscyphus pseudoalbidus (Helotiales, Ascomycota) was proven to be the causal agent of ash dieback (Queloz et al., 2011 , Zhao et al., 2012 , a disease that has rapidly spread across Europe in the course of the last 20 years. This notorious pathogen can only be found in ash trees (Fraxinus) and is responsible for severe dieback of the European ash (Fraxinus excelsior). Hymenoscyphus pseudoalbidus is an invasive species, probably introduced from Japan (Zhao et al., 2012) . In its assumed country of origin, H. pseudoalbidus is associated with a different species of Fraxinus (F. mandshurica), in which it causes only mild or no disease symptoms (Zhao et al., 2012) . The focus of several research groups is presently directed towards identifying the virulence factors responsible for pathogenicity of H. pseudoalbidus, with the subsequent goal of developing targeted strategies to combat the disease 1 . Junker et al. (2013) recently showed that the concentration of the phytotoxin, viridiol ( Fig. 1, 1 ; Moffatt et al., 1969) , which is produced by isolates of both H. pseudoalbidus and H. albidus, does not correlate with the virulence of the respective strains. Their conclusion was that other, as yet unidentified, virulence factors must be responsible for the pathogenicity of H.
pseudoalbidus.
To identify these potential virulence factors, we studied three strains of H. pseudoalbidus that varied in their virulence (Junker et al., 2013) for their secondary metabolite production in submerged culture. The crude extracts were analysed by HPLC-MS and subjected to a classical antimicrobial screening using fungal and bacterial test organisms in a serial dilution assay. Two extracts of the most virulent strain studied showed extraordinarily strong activity against Grampositive bacteria and were therefore subjected to bioassay-guided fractionation to determine the active principle. Herein, we report on the isolation and structure elucidation, as well as on the absolute stereochemistry of a novel 3-decalinoyltetramic acid derivative. In addition, biological activity of hymenosetin, including the evaluation of phytotoxicity, is described.
Results and Discussion
Screening for antibiotic activities was performed with three strains of H. pseudoalbidus that had been selected from a previous study (Junker et al., 2013;  Table 1 ), based on their virulence in several culture media as described in Experimental. Crude extracts obtained from mycelia and culture filtrates of submerged cultures were tested. Whereas the majority of extracts was found devoid of bioactivity (unpublished data), only samples from prolonged fermentations in ZM/2 medium (after 42 days) of strain C492 showed prominent antibacterial effects. These conditions were therefore used for refermentation and scale-up production in order to isolate and identify the active principle. Bioactivity-guided fractionation by RP-HPLC, with Bacillus subtilis as indicator organism, led to the isolation of 2.2 mg hymenosetin (2; see Fig. 2 ) as a colourless oil, which constituted the active principle.
The HR-ESI-MS data of hymenosetin (2) hybridized quaternary carbons and three carbonyls ( Table 2 ). Analysis of the COSY spectrum resulted in the identification of three spin systems (Fig. 3) , while HMBC correlations established the planar structure of 2 (Fig. 2) . Tetramic acids bearing acyl substituents in the 3-position exist in a mixture of four different tautomers (Royles, 1995) . For clarity the classical presentation is chosen in Fig. 2 .
Hymenosetin (2) The absolute stereochemistry of 2 was assigned by comparison of its CD characteristics with those of equisetin (3), phomasetin (4) (Singh et al., 1998) and epi-trichosetin (5; Inokoshi et al., 2013) . The CD spectrum of 2 showed negative cotton effects at 280 nm and 233 nm, consequently a 2S,5'S configuration was concluded. Since the very broad signal of the amide proton ( H 9.10) showed no NOE effects, the stereochemistry of C-6' could not be established by the traditional method exploiting NOESY correlations in conjunction with 3 J H,H coupling constants. The same problem has obviously prevented complete stereochemical characterization of paecilosetin (6; Lang et al., 2005) , altersetin (7; Hellwig et al., 2002) and antibiotic "CJ-17,572" (8; Sugie et al., 2002) in earlier studies.
As an alternative strategy to determine the stereochemistry of C-6', we opted for the J-based configuration analysis (Matsumori et al., 1999) , which utilises configuration between proton and hydroxyl function, which is confirmed by small The stereochemistry of C5' and C6' is identical with the stereochemistry of C2 and C3 in threonine. As shown for the biosynthesis of equisetin, decalinoyl tetramic acids constitute polyketide-nonribosomal peptide hybrids (Boettger and Hertweck, 2013) , which are built up from an octaketide respectively nonaketide and an amino acid. Thus, threonine can be considered as a non-alternated building block of 2.
Using a standard of hymenosetin (2), the crude extracts of the other strains studied were analysed for the presence of the new compound by means of HPLC-MS. Hymenosetin (2) was found in minor quantities in the crude extracts (mycelium and supernatant) of strain C444
derived from fermentations in ZM/2 medium, but was not detected in any of the extracts derived from fermentations of strain EL120. This finding agrees with the lack of significant antibacterial effects against Gram-positive bacteria observed with culture extracts of these isolates of H.
pseudoalbidus.
3-decalinoyltetramic acid antibiotics are widespread in ascomycetes and have often been discovered in natural product screening owing to their extraordinarily strong antimicrobial activity, mostly against Gram-positive bacteria. In addition, many of them showed cytotoxic effects (Schobert & Schlenk, 2008) . For some of these compounds, antifungal activity against the yeast, Candida albicans, has also been described (Boros et al., 2003; Segeth et al., 2003) .
However, there is only one record regarding the activity of 3-decalinoyltetramic acids against filamentous fungi (Lang et al., 2005) . Furthermore, some derivatives such as equisetin and phomasetin showed additional biological activities in vitro. For instance, inhibition of HIV integrase was observed for equisetin and phomasetin (Singh et al., 1998) , and trichosetin exhibited phytotoxic effects against callus cultures of Catharanthus roseus (Marfori et al., 2003) .
Interestingly, the latter study is also one of the few examples in the literature where elicitation of a fungal secondary metabolite was attained in dual culture with a plant. Phytotoxicity was also detected for equisetin and epi-equisetin against seed and seedlings of various dicotyledonous and monocotyledonous plants (Wheeler et al., 1999) .
In our study, the antimicrobial effects of hymenosetin (2) were assessed in the serial dilution assay against a broad panel of bacteria and fungi (Table 3 ). The compound showed strong activity against all tested Gram-positive bacteria, including methicillin resistant Staphylococcus aureus (MRSA), whereas Gram-negative bacteria were not affected. In addition, non-selective activity was observed against filamentous fungi, while yeast-like fungi varied in their sensitivity.
In a cytotoxicity assay against the mouse fibroblast cell line L929, a moderate IC 50 value (8 µg/ml) was observed for 2. Furthermore, hymenosetin (2) showed no phytotoxic effects against
Fraxinus excelsior seeds and leaves, nor against seeds of the grass species Agrostis stolonifera. In contrast, application of viridiol in leaf segment tests resulted in necroses at the site of application (Andersson et al., 2010) . In general, the results of the current study agree with biological effects that were previously reported for other fungal 3-decalinoyltetramic acids.
Conclusion
Hymenosetin (2) is a new member of the family of 3-decalinoyltetramic acid antibiotics, of which several compounds had previously been described from various genera of filamentous Ascomycota and characterised extensively for their biological effects. Examples are equisetin (a well-known "mycotoxin" from Fusarium equiseti; Burmeister et al., 1974) , phomasetin (from Fusarium heterosporum and a Phoma sp.; Singh et al., 1998) , altersetin (from endophytic Alternaria spp.; Hellwig et al., 2002) and trichosetin (from Trichoderma harzianum; Marfori et al., 2002) .The latter compound was even reported to possess significant phytotoxic effects (Marfori et al., 2003) , whereas all other derivatives of this type are known to have broad spectrum antimicrobial and cytotoxic effects. As hymenosetin (2) has thus far only been obtained from laboratory cultures, its role in the pathogenesis of ash dieback remains unclear. The fact that production rates of this new compound in the three tested strains correlate with virulence of the isolates (Junker et al., 2013) , suggests that the metabolite might constitute an important, hitherto unknown, pathogenicity factor. In that case, the tests for phytotoxicity used were not the correct ones to the function of hymenosetin (2) in vivo. On the other hand, this secondary metabolite may not act as a virulence factor directed against the host in planta, but could rather constitute a defence compound that the pathogen produces to combat competing microorganisms and fungi. Further studies, e.g. to compare the production of (2) 
Experimental

General
Optical rotations were determined with a Perkin-Elmer 241 spectrometer; IR spectra were measured with a Spectrum 100 FTIR spectrometer (Perkin Elmer), UV spectra were recorded with a Shimadzu UV-Vis spectrophotometer UV-2450, CD spectra were recorded on a JASCO 
Fungal material
The three strains of Hymenoscyphus pseudoalbidus used in this study (designation EL120, C444 and C492) had been isolated from necrotic stem lesions of Fraxinus excelsior from different locations in northern Germany. The origin of these three strains as well as their rDNA ITS GenBank accession numbers are listed in Table 1 . This information as well as the viridiol concentration of their culture extracts, the activity of these culture extracts in tests for virulence, and the virulence of the isolates after inoculation into seedlings of F. excelsior were previously reported by Junker et al. (2013) . filled each with 200 ml media. These media were chosen because previous studies (Stadler et al., 2003; Bitzer et al., 2008) had revealed that they are optimal for attaining complementary secondary metabolite profiles of filamentous ascomycetes.
The submerged cultures were incubated at 23°C in the dark on a rotary shaker at 140 rpm. To obtain hymenosetin, it seems crucial to continue fermentation until after the carbon source has been depleted for a substantial time. Fermentation of strain C492, which produced 2 in higher concentrations in ZM/2 medium (in contrast to EL120 and C444), was terminated only after 42 days.
Extraction and isolation of hymenosetin (2)
Hymenosetin was extracted from cultures of strain C492 in ZM/2 medium using the following procedure: The mycelium was separated from the culture fluid via vacuum filtration and extracted twice with acetone (200 ml) in an ultrasonic bath for 30 min. The extracts were filtered, combined and concentrated by means of a rotary evaporator. The remaining aqueous phase was subjected to a solvent extraction with water : ethyl acetate (50 ml : 50 ml). Subsequently the organic phase was filtered over anhydrous sodium sulphate and evaporated. 30 mg crude extract was obtained from the mycelium filtered from 200 ml culture in ZM/2 medium. The culture filtrate was extracted twice with ethyl acetate (200 ml) in an ultrasonic bath for 30 min.
The organic phases were combined, filtered with sodium sulfate (anhydrous) and then ethyl acetate was removed in a rotary evaporator, yielding 14 mg crude extract from the culture filtrate. Since HPLC-MS analysis revealed a highly similar composition of the extracts from mycelia and supernatant, they were united. The complete crude extract was adsorbed onto a RP-18 cartridge and eluted with methanol. By using a preparative RP HPLC (column: VP Nucleodur C18 ec, 250 x 21 mm, 5 µm, Macherey-Nagel; gradient: 60 % to 100 % acetonitrile with 0.5% acetic acid in 30 min, 100 % for 15 min; flow rate: 15 ml/min), the filtered raw extract 
Serial dilution assay
Minimum inhibitory concentrations (MIC) were determined in a serial dilution assay carried out in a similar manner as previously described (Okanya et al., 2011; Surup et al., 2013 ) using various test organisms for antibacterial and antifungal activities (Table 3) . The assays were conducted in 96-well microtiter plates in EBS-medium (0.5 % casein peptone, 0.5 % glucose, 0.1 % meat extract, 0.1 % yeast extract, 50mM HEPES [11.9 g/L], pH 7.0) for bacteria and MYC-medium (Okanya et al., 2011) for yeasts and filamentous fungi. Depending on the activity, the starting concentration of 2 as well as of the reference drugs varied from 67 to 6.7 µg/ml.
Cytotoxicity assay
The in vitro cytotoxicity assay with the established mouse fibroblast cell line L929 was performed as reported by Okanya et al. (2011) . The IC 50 value of hymenosetin (2) was determined to be 8 µg/ml.
Phytotoxicity assays
For evaluation of its phytotoxicity, hymenosetin (2) was tested in germination assays using seeds of Fraxinus excelsior and of the grass Agrostis stolonifera, as well as in a leaf segment test with healthy leaves of F. excelsior (slightly modified procedure of Junker et al., 2013) .
Instead of using 25 µl culture extract (40mg/ml), 10 μL aliquots of the pure compound 2 (1 mM dissolved in 100 % EtOH) were applied to individual leaves. The test was run once with ten parallels. The germination test with F. excelsior seeds followed the method of Junker et al. (2013) , with the exception that 500 µl of 2 (at 1 mM solved in 100 % EtOH) were added to H 10 medium before solidification occurred. This experiment was conducted once with five parallels (6 seeds/ Petri dish). The seedling germination test with A. stolonifera was performed in a similar manner as previously reported (Schulz et al., 2008) . However, deviating from the protocol, 10 µl of 2 (1 mM) dissolved in 100 % EtOH was added to 240 µl Gamborg B5 Medium 
